To shed light onto the circumnuclear environment of 22 GHz (λ ∼ 1.3 cm) H 2 O maser galaxies, we have analyzed some of their multi-wavelength properties, including the far infrared luminosity (FIR), the luminosity of the [O III]λ5007 emission line, the nuclear X-ray luminosity, and the equivalent width of the neutral iron Kα emission line (EW (K α )). Our statistical analysis includes a total of 85 sources, most of them harboring an active galactic nucleus (AGN). There are strong anti-correlations between EW (K α ) and two "optical thickness parameters", i.e. the ratios of the X-ray luminosity versus the presumably more isotrop- 
Introduction
Thanks to a large number of dedicated surveys during the last 15 years, the number of galaxies known to host 22 GHz (λ∼1.3 cm) H 2 O masers has increased tenfold and 85 sources at distances larger than those of the Magellanic Clouds have been reported so far to exhibit H 2 O maser emission (e.g., Braatz & Gugliucci 2008 , Darling et al. 2008 , Greenhill et al. 2008 . Some of them are AGN-related, while others are found in off-nuclear star forming regions. Among the masers clearly identified as AGN-related, a large fraction (∼40%) have been identified as "disk-maser" candidates (Kondratko et al. 2006) . Their maser spots are associated with central, typically parsec sized molecular accretion disks and maser line spectra show "high velocity features" (red-shifted and blue-shifted features), in addition to the systemic velocity components. The study of disk-maser sources has become a very important subject, permitting mass estimates of supermassive black holes, distance estimates of galaxies, and providing a perspective to improve the accuracy of the Hubble constant and to constrain the equation of state for the elusive dark energy (e.g. Braatz et al. 2009 ).
Observations show that among AGN masers, H 2 O maser spots locate preferentially in the nuclear regions of Seyfert 2 or LINER galaxies and most of them are heavily obscured (N H >10 23 cm −2 ; Braatz et al. 1997 , Greenhill et al. 2008 ). The nuclear X-ray source is generally believed to heat the gas to temperatures suitable for 22 GHz H 2 O maser emission (Neufeld et al. 1994) , which is supported by a relation between maser luminosity, the unabsorbed intrinsic nuclear X-ray luminosity, and the mass of the black hole (Kondratko et al. 2006 , Su et al. 2008 ).
For the obscured nuclear regions H 2 O masers and X-rays provide, unlike optical data, deeply penetrating views. The X-ray absorption along the line-of-sight to the nucleus can provide through spectral model fitting important information on the nature of the -4 -circumnuclear environment. With modern X-ray telescopes, high quality X-ray spectra have been obtained for more than 30 H 2 O maser galaxies. Based on an analysis of such spectra, the nuclear column densities of maser host galaxies were investigated by and Greenhill et al. (2008) . While these studies have shown that nuclear H 2 O masers are mostly found in environments with high column density, it is still open whether H 2 O masers preferentially arise from Compton-thick (N H >10 24 cm −2 ) AGN.
To reduce limitations and uncertainties when modeling X-ray spectra, here we try to provide additional constraints to evaluate line-of-sight column densities. The iron K α emission line (∼6.4 keV) is the most prominent line in the X-ray spectra of AGN. It is believed to be produced either by transmission through the absorbing material (Leahy & Creighton 1993) or via the process of X-ray scattering/reflection by the cold iron in the nuclear accretion disk (e.g., Lightman & White 1988; Fabian et al. 2000) or torus (Ghisellini et al. 1994) . So it provides useful information to constrain the column density that absorbs the continuum and, in some cases, to distinguish between Compton-thick and -thin sources.
Flat hard X-ray spectra and high equivalent widths (EW (K α )) of the iron line were found in highly absorbed sources and are generally used to identify Compton-thick nuclei (e.g., Matt 1997 ). However, currently there are no quantitative criteria on EW (K α ) yet as a probe of the gas absorption.
Unlike the X-ray absorption, [O III]λ5007 and FIR emission have often been used as comparatively isotropic indicators of the intrinsic nuclear power (e.g, Mulchaey et al. 1994 , Alonso-Herrero et al. 1997 ). The forbidden [O III]λ5007 line emission originates in the narrow line region (NLR), which is assumed to be isotropic for both type 1 and type 2 systems. Due to possible shielding effects in the torus, Netzer et al. (2006) proposed that the Mulchaey et al. 1994 , Alonso-Herrero et al. 1997 , Maiolino & Rieke 1995 , Heckman et al. 2005 , Panessa et al. 2006 , Lamastra et al. 2009 ). The FIR emission, produced on linear scales much larger than the nuclear torus, should be free of biases caused by the viewing angle and should be highly isotropic (e.g., Mulchaey et al. 1994) . So even without a detailed knowledge of the X-ray spectrum, a comparison of the observed X-ray luminosity with those of the more isotropic tracers of nuclear power can help us to determine the gas absorption along the line of sight toward the AGN (e.g., Bassani et al. 1999 ).
In the following, X-ray, [O III] , and FIR data are collected for those H 2 O maser galaxies which are located farther than the Magellanic Clouds and which are known to host 22 GHz H 2 O masers. The data are analyzed to determine gas column densities along the line of sight toward the AGN and to derive properties related to activity in highly obscured and therefore particularly elusive Compton-thick nuclear environments.
Data
Data related to the galaxies with detected H 2 O maser emission, located at larger distances than the Magellanic Clouds, are compiled in Table 1 and their dominant types (following Bennert et al. 2009 ) are used for the statistics (for details, see Table 2 ). Most of the AGN maser sources are Seyfert 2 galaxies or LINERs.
-7 - Column 1: Extragalactic H 2 O maser host galaxies;
Column 2: Type of nuclear activity. SBG: StarBurst Galaxy; Sy1, Sy1.5, Sy1.9, Sy2: Seyfert types; LINER: Low-Ionization Nuclear Emission Line Region; LIRG: Luminous-Infrared Galaxy; FR II: Fanarov-Riley Type II radio galaxy; NLRG: NarrowLine Radio Galaxy; RG: Radio Galaxy; H II: classified as a H II region; QSO1 and QSO2: type 1 and 2 Quasars. References:
Zhang et al. (2006); Kondratko et al. (2006) and NED;
Column 3: X-ray telescope-A: ASCA; B: BeppoSAX; C: Chandra; X: XMM-Newton;
Columns 4&5: The EW (Kα) of the Fe line (eV) and the 2-10 keV observed X-ray flux (in units of 10 −14 erg s −1 cm −2 );
Column 6: References for Col. 4&5 -Awa00: Awaki et al. 2000; Bal04: Ballo et al. 2004; Bas99: Bassani et al. 1999; Bec04: Beckmann et al. 2004; Bia03: Bianchi et al. 2003; Bia05: Bianchi et al 2005; Cap99: Cappi et al. 1999; Cap06: Cappi et al. 2006; Del02: Della Ceca et al. 2002; Dia88: Diaz et al. 1988; Don03: Done et al. 2003; Gua00: Guainazzi et al. 2000a; Gua02: Guainazzi et al. 2002; Gua04: Guainazzi et al. 2004; Gua05a: Guainazzi et al. 2005a; Gua05b: Guainazzi et al. 2005b; Ima03: Imanishi et al. 2003; Iwa02: Iwasawa et al. 2002; Iyo01: Iyomoto et al. 2001; Jen04: Jenkins et al. 2004; Kra05: Kraft et -12 -
Besides the type of nuclear activity, we collected multi-wavelength data and parameters for all of the 85 extragalactic H 2 O maser sources, including the EW (K α ) of the iron emission line, the observed X-ray (2-10 keV) flux F X , the FIR flux F F IR , the observed H α /H β line intensity ratio and the [O III]λ5007 flux density, F [O III] . These data are also presented in Table 1 .
The X-ray data of our sample are collected from the literature, based on observations from ASCA, BeppoSAX, Chandra, and the XMM-Newton satellite. For some sources more than one value were reported in the literature for parameters such as the EW (K α ) of the iron line and the observed X-ray flux, either due to intrinsic variability of the source or due to a different modeling of the spectra. For comparison, all results available from the literature are listed in Table 1 . For our statistical analyses, observational results were taken from XMM-Newton and Chandra whenever possible. Otherwise the most recent measurements were used.
For the [O III]λ5007 emission line, the fluxes are mainly compiled from Dahari & De Robertis (1988) , Ho et al. (1997) , Kim et al. (1995) and Whittle (1992) . Again the most recent result was adopted when two or more observations were found. Since the NLR may be obscured by material in the host galaxy, the observed [O III]λ5007 flux should be corrected to determine its intrinsic flux. The narrow-line Balmer decrement was used to estimate this
line fluxes were derived from the formula
2.94 ). The [O III]λ5007 fluxes were obtained for 46 maser sources and their luminosities were calculated from their extinction-corrected fluxes.
The IRAS (Infrared Astronomical Satellite) point source catalogue was used to obtain the infrared fluxes (12, 25, 60, 100µm) for our H 2 O maser host galaxies. Following the method of Wouterloot & Walmsley (1986) , the infrared flux (6 < λ < 400µm) was derived -13 -by extrapolating flux densities beyond 12 and 100µm and assuming a grain emissivity proportional to frequency ν. In this way, infrared luminosities could be determined for 76 H 2 O maser galaxies. Throughout the paper, the luminosity distance was derived using
Calculators I provided by the NASA Extragalactic Database (NED), assuming Ω M = 0.270, Ω vac = 0.730, and H 0 =70 km s −1 Mpc −1 (e.g., Spergel et al. 2007 ).
Results

Isotropic indicators of the intrinsic nuclear power
For our H 2 O maser galaxies with available data, the luminosity distributions of both -16 -and the Seyfert 2 galaxy sample not containing galaxies with known masers (Mulchaey et al. 1994) . This is in agreement with the fact that most H 2 O maser sources have been found in Seyfert 2 systems. The good agreement between Seyfert 1 and Seyfert 2 galaxies (Mulchaey et al. 1994) , the strong correlation between FIR luminosity and [O III] line luminosity may suggest that the FIR luminosity is to some extent also an indicator of intrinsic nuclear activity, even though the FIR flux may be contaminated by a spatially extended starburst component.
Optical thickness parameters and the 6.4 keV iron line
As mentioned above, nuclear absorbing columns can be obtained by analyzing X-ray spectra. These analyses are model dependent. Comparing the observed 2-10 keV X-ray emission from the nuclear region, absorbed by the obscuring material along the line-of-sight, with the intrinsic nuclear power provides another method for evaluating the absorbing column density. The ratio of the observed 2-10 keV luminosity and the luminosity of the nuclear isotropic indicators was assumed to represent the optical thickness parameter, which allows us to diagnose the gas absorption .
and L X /L F IR ratios are used as optical thickness parameters. In addition, high EW ( -18 -thickness parameters, we probe the circumnuclear environment of the maser sources.
For the maser galaxies with available data (
and L F IR , in total 31 AGN maser sources), the EW (K α ) of the iron lines is plotted against the optical thickness parameters in Fig. 3 . The prominent feature of the figure is the existence of an anti-correlation, which is similar to that obtained for the Seyfert 2 sample of Bassani et al.
(1999), which is predominantly containing targets without known maser lines. In the left
, with Spearman's rank correlation coefficient R=-0.57 and a chance probability of P ∼0.001. The possibly Compton-thick sources (shown by squares in With Compton-thick galaxies being located in the upper left part of the panels in Fig. 3, we find for our H 2 O maser galaxies three criteria hinting at a Compton-thick nuclear
and L FIR >600 L 2−10 keV . These are independent of the detailed shape of the X-ray spectrum. For 33 maser sources with available EW (K α ) of the iron line in Table 1 , we obtain with detected maser emission higher EW (K α ) values than non-maser Seyfert 2s? Our statistical results show that the iron line EW (K α ) of masing Seyfert 2 galaxies (mean value 1063 ± 169 eV and median value ∼800 eV for our 19 maser sources) is higher than that of the non-maser Seyfert 2 sample (mean value 375 ± 60 eV and median value ∼200eV for 34 sources from Bassani et al. 1999 ) . Figure 4 shows the distributions of both samples.
Indicators for H 2 O maser emission
While the difference seems to be obvious at first sight, we should cautiously avoid a definite conclusion due to the large scatter, the still too small number of sources, and the incompleteness of the studied samples. Potential differences in sensitivity have also to be addressed. For our maser host Seyfert 2s, the EW (K α ) values were taken almost exclusively (except four sources) from XMM-Newton or Chandra observations. The results for Seyfert 2s without known masers (Bassani's sample) come mostly from ASCA data of lower sensitivity, which might lead to an increase in the real average (only sources with a strong iron line could be detected). This strengthens our result and amplifies the difference between Seyfert 2s with and without detected 22 GHz H 2 O maser. Nevertheless, we consider our result as tentative.
In order to investigate possible correlations between H 2 O maser and iron emission lines, the EW (K α ) of the Fe line was plotted against the isotropic H 2 O luminosity in Fig. 5 (upper panel). As already mentioned, H 2 O maser emission can be produced by collisional pumping in a dense molecular layer, which is heated by irradiated X-rays from the nucleus (Neufeld et al. 1994) . Strong Fe K α emission is believed to be produced via X-ray reflection by the cold iron in the circumnuclear region (e.g., Fabian et al. 2000) . In those cases where H 2 O maser and iron line emission are detected, the nuclear X-ray emission plays a key role.
Correlations between maser and iron line emission are therefore expected. However, our 
Discussion
Compton-thick nuclei are known to contribute a significant fraction of the hard X-ray background. Their density as a function of redshift is also a relevant parameter when studying the evolution of the universe. Thus our newly defined criteria identifying such -24 -nuclei may be helpful when trying to reach this goal.
Based on our new approach introduced in Sect. 3.2, 18 H 2 O maser sources in the upper left part of the panels in Fig. 3 About 60% of the 31 AGN masers turn out to be Compton-thick. This is consistent with the result found by Greenhill et al. (2008) . For maser sources associated with Seyfert 2 nuclei, 60% (15/25) are Compton-thick, which is, however, not significantly, higher than that of Seyfert 2 objects without detected maser emission (∼45%, 9/20 from Risaliti et al. 1999 ; 19/42 from Bassani et al. 1999 ).
Our sample also contains a few exceptional sources, which show the limits of our selection criteria. For NGC 4945, its low [O III] line flux places the source outside our
, see left panel in Fig. 3) . However, the [O III] flux from Risaliti et al. (1999) only gives a very stringent lower limit to the actual intrinsic
The lack of a reliable [O III] flux is thought to be due to high absorption in the edge-on galactic disk, instead of its intrinsic weakness. This is supported by its hard X-ray spectrum, which indicates that NGC 4945 hosts one of the brightest AGN in the hard X-ray range (>100 keV) and can therefore be considered to contain a 'bona-fide'
Compton-thick nucleus (e.g., Guainazzi et al. 2000b ). Similar to NGC 4945, Mrk 3 is also considered to be a 'Bona-fide' Compton-thick Seyfert 2 from its large brightness in the hard X-ray range (e.g., Cappi et al. 1999) . However, the source is found outside our limited EW Fig. 3 ) for its relatively low value of the infrared flux.
More constraints are desirable to probe its circumnuclear environment. The disk-maser -25 -galaxy NGC 2639 is located inside the required EW (K α )-L X /L F IR region and outside
However, large uncertainties in the X-ray results (ASCA observations) have to be noted. NGC 2639 is a weak X-ray source with an ASCA count rate <0.01 counts s −1 . The ASCA data were analyzed by Wilson et al. (1998) and and the source was considered to be Compton-thin (N H ∼5×10 23 cm −2 ). Low photon statistics lead to uncertainties in the fitting models and Chandra observation are therefore needed to investigate its highly obscured nucleus.
We conclude with some cautionary notes. First, uncertainties are involved when using Second, the EW (K α ) of the iron line can be affected by other factors, such as the geometry of the accretion disk and the inclination angle at which the reflecting surface is viewed (e.g., Fabian et al. 2000 , Bianchi et al. 2005 . A high EW (K α ) of the iron line can also appear if the radiation is anisotropic or if there is a time lag between a drop in the continuum and the line emission . With future advanced X-ray telescopes, sensitive observations of more H 2 O maser host galaxies at higher energies (above 10 keV) will provide important complementary information, further constraining nuclear column density.
Summary
In this paper, multi-wavelength data from the complete sample of galaxies (D>100 kpc) so far reported to host 22 GHz H 2 O masers are analyzed, including the equivalent width (1) Our statistical analysis shows obvious anti-correlations between the EW (K α ) of the Fe emission line and the two optical thickness parameters. Without requiring a full X-ray spectrum, Compton-thick nuclear environments can be identified with these parameters and are found to be characterized approximately by EW (K α )>300 eV,
and L FIR >600 L 2−10 keV ; 
